STUDY QUESTION: Does fertility treatment influence cognitive ability in school aged children, and does the impact vary with the type of treatment?
Introduction
Use of fertility treatments including medication/drugs and ART is increasing globally (Kupka et al., 2014; Takeshima et al., 2014; Ishihara et al., 2015; Stephen et al., 2015) . In the USA, UK and many European countries, up to 1 in 25 children are born as a result of medically assisted conception (Duwe et al., 2010; Human Fertilization and Embryo Authority, 2014; Kupka et al., 2014 ; Centers for Disease Control and Prevention, American Society for Reproductive Medicine, and Society for Assisted Reproductive Technology, 2015) .
Growth in this sector has been accompanied by a steady rise in studies assessing the health of children conceived with medical assistance, reflecting long standing concerns about the impact of treatments on fetal and child development. Whether treatment impairs cognitive development has been a particular concern, given the higher frequency of perinatal complications such as intrauterine growth restriction and preterm birth among children conceived with medical assistance (Pinborg et al., 2013a, b) . Such complications increase the risk of significant intellectual disability (Arcangeli et al., 2012; Jarjour, 2015) as well as more subtle cognitive deficits such as impaired learning ability (Molloy et al., 2014; Pitcher et al., 2012) .
In addition, recent attention has focused on the possibility that treatment may have a direct effect on cognitive development through disruption of epigenetic processes (Maher et al., 2003; El Hajj and Haaf, 2013 ). Animal studies demonstrate that each component of ART (e.g. ovulation induction (OI), mode of fertilization, embryo freezing, etc.) has the potential to cause epigenetic modifications (Grace and Sinclair, 2009) , with recent data linking epigenetic changes to altered neural development and function (Wu et al., 2014) .
The significance of these epigenetic studies for human brain development is still unclear, as is any specific contribution of treatment components per se. Evidence of compromised neurodevelopment in children of subfertile couples conceived without medical assistance (Zhu et al., 2009) suggests that parental characteristics are also important. As a result, there are increasing calls for research to determine the independent effects of parental factors and treatment modalities on poor outcomes, including the use of comparison groups of subfertile couples without treatment (Fauser et al., 2014) . Separating the effects of the various aspects of treatment, including laboratory procedures, is also crucial to understanding the modifiable causes of poor health among children conceived with medical assistance, and thus inform management of couples in whom there is a choice of treatment options.
Several reviews of the literature examining neurodevelopmental outcomes among children conceived with medical assistance have now been undertaken (Middelburg et al., 2008; Bay et al., 2013a; Hart and Norman, 2013) . The most recent reviews have concluded that, in general, studies of cognitive development among children conceived with medical assistance are reassuring, but there has been varying attention to the quality of this evidence. Furthermore, no review has examined the possible separate effects of specific components of fertility treatment, or the extent to which parental characteristics are accounted for. Here, we systematically review observational studies of the cognitive development of children conceived with medical assistance to examine the impact of specific treatments. Our focus is on cognitive ability in school age children, in order to assess any impact on complex cognitive functioning that may not emerge until children progress through school (Pechtel and Pizzagalli, 2011) .
Materials and Methods
The review drew on the Preferred Reporting Items for Systematic Reviews and Meta Analyses guidelines (Liberati et al., 2009 ) and the NewcastleOttawa quality assessment Scale (NOS) (Wells et al., 2014) . We did not register the review protocol.
We searched the following databases up until 21 Our focus was on cognitive outcomes, which include intellectual functioning and adaptive behaviours. However, we adopted a comprehensive search strategy including terms related to childhood behaviour to identify studies utilizing assessments of behaviour that also captured information on cognitive function, which would not necessarily be classified under subheadings related to intelligence or cognition.
Studies were included if they were published before 21 November 2016, and assessed any aspect of cognitive development (including use of remedial therapies) in children aged 4 years or more who were conceived with fertility treatment including OI with or without IUI or ART (IVF or ICSI) compared with either: children in the general population, children of subfertile couples conceived without assistance, or children conceived by a different treatment modality. As our focus was on learning in school age children, we specified a lower age limit of 4 years as in some countries formal education begins at this age. Only full text English language articles were included. Studies that did not report original data, had no control group (e.g. case series), reported behavioural outcomes only, or could not ascertain use of fertility treatment, were excluded. In addition, studies that focussed solely on cerebral palsy or autism spectrum disorders were also excluded as these have been reviewed previously Conti et al., 2013) .
Two authors (A.R.R., T.K.O.) independently reviewed the titles and abstracts of all articles. If the abstract met the inclusion criteria and was potentially eligible, the full text article was reviewed. Reference lists of publications were checked for additional relevant studies. The two reviewers then reached consensus on the final set of studies for inclusion.
The methodological quality of included studies was assessed by two authors (a combination of A.R.R., T.K.O. and M.J.D.) using criteria about risk of bias specified in the NOS (Wells et al., 2014) . This involved completing a checklist for each study design that assessed the risk of bias across three areas: selection (e.g. the representativeness of the cohort), comparability (e.g. control for potential confounding) and outcomes (e.g. use of independent blind assessments), using a 9-star rating system (where 9 denotes the highest quality). Each paper was assessed independently and the final rating was then discussed and agreed on by two authors. Studies were then classified as either high quality (score ≥7), moderate quality (score 5-6) or low quality (score ≤4), with findings reported for all studies initially, then the subgroup of studies rated high quality.
Where studies reported on more than one treatment modality, data were abstracted for all treatment components and comparisons. As the included studies utilized a wide range of measures of cognitive function, a meta-analysis was not performed.
Results
The literature search identified 861 studies, of which 752 were excluded based on information presented in the title and/or abstract and a further 32 were duplicates (see Fig. 1 ). We assessed 77 full-text articles; of these 28 met the inclusion criteria, and a further seven studies were identified from the reference lists. This resulted in a total of 35 included papers, reporting data on 30 cohorts. There was a degree of overlap in the fertility treatment sample within several of these cohorts.
A description of the included studies is presented in Table I . Briefly, the 35 studies were from 14 countries including Australia, Belgium, Denmark, Finland, Germany, Greece, Israel, Italy, Spain, Sweden, Turkey, the Netherlands, the UK and the USA.
Seventeen studies reported information separately for children conceived by ICSI (Leslie et al., 2003; Place and Englert, 2003; Neri et al., 2004; Ponjaert-Kristoffersen et al., 2004 Bonduelle et al., 2005; Leunens et al., 2006 Leunens et al., , 2008 Belva et al., 2007; Knoester et al., 2008; Goldbeck et al., 2009; Ludwig et al., 2009; Mains et al., 2010; Bay et al., 2013b; Sandin et al., 2013; Winter et al., 2014; Punamaki et al., 2015) , six reported specifically on donor gametes (Golombok et al., 1995 (Golombok et al., , 1996 (Golombok et al., , 2002a Gartrell and Bos, 2010; Bay et al., 2013b) , three studies reported separately on children exposed to embryo freezing (Mains et al., 2010; Bay et al., 2013b; Sandin et al., 2013) and three studies reported on OI without IVF or ICSI (Carson et al., 2011; Bay et al., 2013b; Sandin et al., 2013) . In the remaining studies, the assisted conception group included a combination of children born either via IVF or ICSI (with or without embryo freezing).
The majority of studies focussed on children of early school age (4-9 years). Fifteen studies (Levy-Shiff et al., 1998; Golombok et al., 2001 Golombok et al., , 2002a Golombok et al., ,b, 2009 Stromberg et al., 2002; Goody et al., 2005; Leunens et al., 2008; Goldbeck et al., 2009; Wagenaar et al., 2009; Gartrell and Bos, 2010; Mains et al., 2010; Ozbaran et al., 2011; Bay et al., 2013b; Sandin et al., 2013) included assessment of children aged 10 years or more.
Nineteen studies assessed cognitive ability using a variety of assessments including intelligence quotient (IQ) and other cognitive scales (D'Souza et al., 1997; Levy-Shiff et al., 1998; Leslie et al., 2003; Place and Englert, 2003; Ponjaert-Kristoffersen et al., 2004 Neri et al., 2004; Leunens et al., 2006 Leunens et al., , 2008 Knoester et al., 2008; Goldbeck et al., 2009; Ludwig et al., 2009; Carson et al., 2011; Gucuyener et al., 2011; Ozbaran et al., 2011; Bay et al., 2014; Winter et al., 2014; Punamaki et al., 2015; Schendelaar et al., 2016) . A further four specifically assessed mental retardation based on either parental report (Pinborg et al., 2003) or diagnoses in national registers coded using the International Classification of Disease (edition 9 or 10) (Stromberg et al., 2002; Bay et al., 2013b; Sandin et al., 2013) , and two studies reported on language development including the use of speech therapy (Pinborg et al., 2003; Bonduelle et al., 2005; Belva et al., 2007) . School performance was assessed in 10 studies, again, using a range of measures including standardized testing or child/parent self-report (Golombok et al., 1995 (Golombok et al., , 1996 (Golombok et al., , 2001 (Golombok et al., , 2002a (Golombok et al., ,b, 2009 Goody et al., 2005; Wagenaar et al., 2009; Gartrell and Bos, 2010; Mains et al., 2010) .
Overall quality of the evidence Table I presents the quality assessment of the studies. Seven studies were rated as high quality (Stromberg et al., 2002; Leslie et al., 2003; Pinborg et al., 2003; Knoester et al., 2008; Wagenaar et al., 2009; Bay et al., 2013b; Sandin et al., 2013) . Twenty studies were rated as moderate quality (score of 5 or 6), and eight were assessed as poor quality (score ≤ 4).
Most studies were subject to selection bias. Twenty-two studies excluded children at higher risk of adverse developmental outcomes as a result of perinatal complications such as preterm birth, low birth weight and multiple pregnancy (Golombok et al., 1995 (Golombok et al., , 1996 (Golombok et al., , 2001 (Golombok et al., , 2002a (Golombok et al., ,b, 2009 Levy-Shiff et al., 1998; Place and Englert, 2003; PonjaertKristoffersen et al., 2004 PonjaertKristoffersen et al., , 2005 Bonduelle et al., 2005; Leunens et al., 2006 Leunens et al., , 2008 Belva et al., 2007; Knoester et al., 2008; Goldbeck et al., 2009; Ludwig et al., 2009; Wagenaar et al., 2009; Gucuyener et al., 2011; Winter et al., 2014; Punamaki et al., 2015; Schendelaar et al., 2016) . In addition, children with neurological or intellectual disability were specifically excluded in 11 studies (Golombok et al., 1995 (Golombok et al., , 1996 (Golombok et al., , 2001 (Golombok et al., , 2002a (Golombok et al., ,b, 2009 Knoester et al., 2008; Goldbeck et al., 2009; Carson et al., 2011; Gucuyener et al., 2011; Bay et al., 2014) .
Selection bias is also possible through restricting the source of clinical data, although this may be less concerning than exclusion of high-risk children. All but seven studies (Stromberg et al., 2002; Sandin et al., 2013) were drawn from designated fertility clinics, which may not be representative. A further study (Gartrell and Bos, 2010) was restricted to lesbian families using donor insemination only. Two studies focused on outcomes solely in twins (Goody et al., 2005; Gucuyener et al., 2011) .
Fifteen studies had substantial differences in participation between assisted conception and comparison groups as a result of differential response rates and/or differential attrition (Golombok et al., 1995 (Golombok et al., , 1996 Leslie et al., 2003; Place and Englert, 2003; PonjaertKristoffersen et al., 2004 PonjaertKristoffersen et al., , 2005 Bonduelle et al., 2005; Leunens et al., 2006 Leunens et al., , 2008 Belva et al., 2007; Knoester et al., 2008; Ludwig et al., 2009; Wagenaar et al., 2009; Punamaki et al., 2015; Schendelaar et al., 2016) . This partly reflects a wide variety of recruitment methods for the comparison group, including selection from hospital birth records, birth registrations, local preschools and enrolments at schools in the same district. Further, in many of these studies, in addition to differential participation, the overall participation rate was low (see Table I ). Ten studies relied on parent or child reports of cognitive or learning ability, which may not be objective (Golombok et al., 1995 (Golombok et al., , 1996 (Golombok et al., , 2001 (Golombok et al., , 2002a (Golombok et al., ,b, 2009 Pinborg et al., 2003; Goody et al., 2005; Gartrell and Bos, 2010; Punamaki et al., 2015) . In addition, blinding of outcome assessors was confirmed in only six studies (Levy-Shiff et al., 1998; Leslie et al., 2003; Ponjaert-Kristoffersen et al., 2005; Knoester et al., 2008; Ludwig et al., 2009; Schendelaar et al., 2016) . A further two studies (Stromberg et al., 2002; Bay et al., 2013b) utilized national health registers of conditions requiring admissions to hospital/outpatient services. Detection bias may have occurred in these studies, as children conceived with medical assistance generally have more contact with the health system Belva et al., 2007) .
Parental education and other socio-economic factors are known determinants of child developmental outcomes (Bornstein et al., 2003; Chin-Lun Hung et al., 2015) , and therefore may confound any association between fertility treatment and cognitive ability. Ten studies failed to address confounding by family background, including parental education, adequately (Stromberg et al., 2002; Pinborg et al., 2003; Neri et al., 2004; Goody et al., 2005; Goldbeck et al., 2009; Gartrell and Bos, 2010; Mains et al., 2010; Gucuyener et al., 2011; Ozbaran et al., 2011; Sandin et al., 2013) .
Findings of studies of specific fertility treatments

IVF without ICSI vs natural conceptions
Six studies reported outcomes separately for children conceived with IVF (without ICSI), compared with children conceived without medical assistance (Table II) . One study reported higher use of remedial therapies among IVF children aged 5 years (7% vs 4%, P = 0.03) . The remaining five studies reported no significant difference between groups in IQ scores at 5 years of age (Leslie et al., 2003; Place and Englert, 2003; Ponjaert-Kristoffersen et al., 2005) or in the risk of developmental delay at age 4 (D'Souza et al., 1997) or mental retardation and other mental disorders at ages 8-17 (Bay et al., 2013b) . Of note, one of these studies reported no significant difference in IQ scores between groups, however, there was an overall shift to lower IQ scores among children conceived with IVF (Place and Englert, 2003) .
The two studies rated high quality (Leslie et al., 2003; Bay et al., 2013b ) both reported no difference between comparison groups in either IQ scores or the risk of mental retardation and other mental disorders.
ICSI vs natural conceptions
Thirteen studies described outcomes specifically for children conceived with ICSI compared with children conceived without medical assistance. One study reported that singleton children aged 5-8 years who were conceived with ICSI had significantly lower mean IQ than controls (mean difference 7.1 points, 95% CI 1.7-12.5, adjusted for parental demographic factors) and were more likely to have an IQ score in the categories <85 or 85-115 than >115 (Knoester et al., 2008 ) (see Table II ). Another study reported higher IQ (≈5 points) among singleton ICSI children at age 8 years (Leunens et al., 2006) . However, in a subsequent follow-up of the same children at 10 years of age the difference was no longer evident (Leunens et al., 2008) , and children conceived with ICSI appeared to score significantly lower (≈1 IQ point) on several IQ subtests. Another study reported singleton children aged 5 who were conceived with ICSI more often scored below 1 SD of the mean on performance IQ subtests, however, this finding was reversed for subtests of verbal IQ (Ponjaert-Kristoffersen et al., 2004) . A further study (Belva et al., 2007) reported that ICSI children performed worse on subtests of coordination and speech motor skills at age 8 years (e.g. 91% could perform diadochokinesis vs 99% in comparison group, P < 0.0001) and another reported greater use of remedial therapies among 5-year-old children conceived with ICSI (7% vs 4%, P < 0.05). The remaining seven studies reported no differences in either IQ scores or the risk of mental retardation or mental disorders between comparisons groups (age groups ranged from 4 to 17 years) (Leslie et al., 2003; Place and Englert, 2003; Neri et al., 2004; Ponjaert-Kristoffersen et al., 2005; Ludwig et al., 2009; Bay et al., 2013b; Winter et al., 2014) . Of note, although two studies reported no significant differences in IQ scores between groups, both found an overall shift to lower IQ scores among children conceived with ICSI (Leslie et al., 2003; Place and Englert, 2003) .
Among the three studies rated as high quality, two found no significant difference between groups (Leslie et al., 2003; Bay et al., 2013b) . The remaining study reported that singleton children conceived by ICSI had an IQ that was on average 5-7 points lower than controls, and performed worse on all IQ subtests (Knoester et al., 2008) .
IVF ± ICSI vs natural conceptions
Nineteen studies reported outcomes for children conceived with ART where use of ICSI was unclear or indistinguishable from conventional IVF, compared with children conceived without medical assistance. One study (Sandin et al., 2013) reported that children conceived with IVF had a small increased risk of mental retardation (RR 1.18, 95% CI 1.01-1.36; Table II) . A further study (Stromberg et al., 2002) , reported a 4-fold increase in risk of suspected developmental delay (adjusted odds ratio (aOR) 4.0, 1.9-8.3; in singletons aOR 2.0, 95% CI 0.7-5.4) and a greater likelihood of contact with disability services (aOR 1.7, 95% CI 1.3-2.2; in singletons aOR 1.4, 95% CI 1.0-2.1) among children conceived with IVF (ages ranged from 1 to 14 years). Another study (Gucuyener et al., 2011) reported a lower mean IQ (≈4-point difference) among 5-year-old twins conceived with IVF compared with naturally conceived twins, and one study (Punamaki et al., 2015) found greater parent-reported cognitive problems among female children aged 7-8 years (a mean difference of 0.8 on the 'Five to Fifteen' scale), whereas males were less likely to have problems, when compared with gender matched naturally conceived children. Another study (Carson et al., 2011) reported that IVF children at age 5 were on average 3-4 months ahead in verbal ability but 1-2 months delayed on non-verbal and spatial ability tests, however, these results were not statistically significant after adjustment for sociodemographic characteristics. The remaining six studies reported no significant difference in IQ scores (Levy-Shiff et al., 1998; Ozbaran et al., 2011; Bay et al., 2014; Schendelaar et al., 2016) , the risk of mental retardation or other mental disorders (Pinborg et al., 2003; Bay et al., 2013b) or use of remedial therapies (Pinborg et al., 2003) (age groups ranged from 4 to 17 years).
Findings of studies assessing school performance were conflicting. One study (Mains et al., 2010) reported higher test scores on standardized tests of school performance among IVF children aged 8-17 years (differences of 0.4-0.6 z-scores across school grades compared with general school population, P < 0.05), whereas another found adolescent children conceived with IVF perceived themselves to be less 'scholastically competent' than their peers (Golombok et al., 2009) Golombok et al. (1995) NS in children's perceptions of school performance Golombok et al. (1996) NS in children's perceptions of school performance Six other studies reported no differences between groups in either standardized tests of school performance at 12 years of age (Wagenaar et al., 2009) or self-reported school performance (age groups ranged from 4 to 12 years) (Golombok et al., 1995 (Golombok et al., , 1996 (Golombok et al., , 2001 (Golombok et al., , 2002a Goody et al., 2005) . Among the five studies rated as high quality, two reported poorer cognitive ability among children conceived with IVF, either as an increased risk of mental retardation (Sandin et al., 2013) or increased risk of developmental delay and use of disability services (Stromberg et al., 2002) . The remaining three studies found no difference in the risk of mental retardation or mental disorders (Pinborg et al., 2003; Bay et al., 2013b) , use of remedial therapies (Pinborg et al., 2003) or in performance on standardized school tests (Wagenaar et al., 2009 ).
Frozen embryo transfer vs natural conceptions
Only one study (Bay et al., 2013b) reported outcomes separately for children conceived from frozen embryo transfer cycles (n = 986) compared with children conceived without medical assistance (n = 558 828). That study, rated as high quality, found no difference in the risk of mental retardation, disorders of psychological development or other mental disorders between groups (at age 8-17 years).
Donor gametes vs natural conceptions
Six studies compared cognitive development in children conceived using donor gametes (largely donor insemination) compared with children conceived without medical assistance. Five studies reported no statistically significant differences between groups (age groups ranged from 4 to 17 years) (Golombok et al., 1995 (Golombok et al., , 1996 (Golombok et al., , 2002a Bay et al., 2013b) , and one study reported higher parental rating of school performance in the 17-year-old children conceived with donor insemination compared with gender matched peers (Gartrell and Bos, 2010) . Only one study was rated as high quality (Bay et al., 2013b) .
Use of OI without IVF/ICSI vs natural conceptions
Three studies reported outcomes for children born from OI (with or without IUI) compared with children conceived without medical assistance. One study (Bay et al., 2013b) reported a small increase in the risk of disorders of psychological development in children aged 8-17 years who were conceived with OI/IUI (adjusted hazard ratio 1.17, 95% CI 1.05-1.31, absolute risk 2.2%). Another (Carson et al., 2011) found that 5-year-old children conceived with OI were 3-4 months ahead of planned natural conceptions in their development of verbal ability (2.2 higher score on verbal subtest of the British Ability Scale, 95% CI 0.0-4.2), but performed worse on tests of non-verbal ability, although the latter finding was not statistically significant after adjustment for family background. A further study (Sandin et al., 2013) reported no difference in the risk of mental retardation between comparison groups. Two of these studies were rated high quality (Bay et al., 2013b; Sandin et al., 2013) .
Comparisons between different types of fertility treatments
ICSI vs conventional IVF
Nine studies specifically compared cognitive ability of children conceived with IVF compared with ICSI. One study (Sandin et al., 2013) reported a significantly increased risk of mental retardation among # Some interaction effects between maternal demographics (parity, age, education and country), child sex and mode of conception, suggesting lower IQ in ICSI and IVF than naturally conceived children but these were deemed clinically irrelevant.
children conceived with ICSI compared with IVF (RR 1.51, 95% CI 1.10-2.09, absolute risk 93.5 vs 61.8 per 100 000 person-years) (see Table III ). Another study (Goldbeck et al., 2009) found that 5-year-old children conceived with ICSI had a mean IQ that was on average 8 points lower than children conceived with IVF, and a higher proportion of children conceived with ICSI had delayed cognitive development (23.5% vs 2.9%, P < 0.05). A third study (Knoester et al., 2008) reported no statistically significant difference between groups, however, children conceived with ICSI had a lower mean IQ (adjusted mean difference 3.6 points, 95% CI −0.8 to 8.0), and scored lower on all IQ subtests than children conceived with IVF, at ages 5-8 years.
The remaining six studies reported no differences between groups in tests of IQ or school performance, or use of remedial therapies (age groups ranged from 4 to 17 years) (Leslie et al., 2003; Place and Englert, 2003; Bonduelle et al., 2005; Ponjaert-Kristoffersen et al., 2005; Mains et al., 2010; Punamaki et al., 2015) . Three studies reporting this comparison were rated high quality. Of these, one (Sandin et al., 2013) reported a 50% increase in the risk of mental retardation among ICSI children. Another (Knoester et al., 2008) found lower IQ (3 points, on average) among ICSI children, but this did not reach statistical significance. The remaining study reported no difference in IQ scores between groups (Leslie et al., 2003) .
Fresh vs frozen embryo transfer cycles
Two studies (Mains et al., 2010; Sandin et al., 2013) , one of which was rated as high quality (Sandin et al., 2013) , compared children born from frozen embryo cycles with those from fresh cycles (using either IVF or ICSI), and neither found any significant differences in the risk of mental retardation or in tests of school performance at age 8-17 years between these groups. One of these studies provided further detail on the use of freezing in conjunction with either IVF or ICSI (Sandin et al., 2013) . Among couples who had IVF without ICSI, there was no difference in risk of mental retardation between fresh (n = 16 668) and frozen cycles (n = 2777). However, there appeared to be increased risks associated with both ICSI per se, and the use of ICSI with frozen embryo cycles. For example, relative to IVF with fresh embryo transfer cycles, the risk of mental retardation was increased in children conceived with ICSI with fresh embryo transfer cycles (n = 9241, RR 1.47, 95% CI 1.03-2.09) and children conceived with ICSI with frozen embryo transfer, although the latter finding was only statistically significant in singletons (n = 1219, RR 2.36, 95% CI 1.04-5.36).
Donor insemination vs IVF
Three studies compared children conceived with IVF with those from donor insemination, and found no significant differences between groups (age groups ranged from 4 to 12 years) (Golombok et al., 1995 (Golombok et al., , 1996 (Golombok et al., , 2002a . None were rated as high quality.
Other treatment components
One study (Sandin et al., 2013) , rated high quality, reported on use of blastocyst vs cleavage stage embryos, and found no difference in the risk of mental retardation between these groups (1 case per 3936 person-years vs 179 cases per 226 774 person-years).
A further study (Winter et al., 2014) examined outcomes in 5-yearold children exposed to pre-implantation genetic diagnosis (n = 47), and reported no difference in IQ scores when compared to children conceived with ICSI (n = 49) or those conceived naturally (n = 48).
No studies directly compared children born from OI (with or without IUI) with those born from IVF or ICSI.
Comparisons with children conceived without medical assistance among subfertile couples Eight studies directly compared children conceived with fertility treatment with children of subfertile couples who were conceived without assistance (Golombok et al., 1995 (Golombok et al., , 1996 (Golombok et al., , 2001 (Golombok et al., , 2002a (Golombok et al., ,b, 2009 Wagenaar et al., 2009; Schendelaar et al., 2016) . However, in all but two studies (Wagenaar et al., 2009; Schendelaar et al., 2016) , the use of this group appeared to reflect a convenience sample rather than deliberate choice to explore the influence of subfertility per se. One study (Golombok et al., 2009) found that self-reported school performance was poorer among adolescent children conceived with medical assistance than children conceived without medical assistance among subfertile couples. In the remaining seven studies, there were no reported differences between comparison groups (age groups ranged from 4 to 12 years). Only one of these eight studies was rated high quality (Wagenaar et al., 2009) . A further two studies (Carson et al., 2011; Bay et al., 2014) reported outcomes for children of subfertile couples conceived without medical assistance compared with children of fertile couples (without making a direct comparison with children conceived with fertility treatment). Both studies reported no differences between comparison groups.
Discussion
Although there is a now sizeable literature examining cognitive outcomes in school age children conceived with medical assistance, most studies have methodological limitations, impeding our ability to draw reliable conclusions. Using an accepted tool to assess the quality of evidence, less than a quarter of all included studies were rated as high quality. Evidence from this subset of studies suggests that specific treatments may give rise to different effects on cognitive development.
Among high-quality studies, children conceived using IVF had comparable cognitive outcomes to the general population. In contrast, high-quality studies of children conceived with ICSI were inconsistent, and ranged from no observed differences in IQ scores to a 50% increase in risk of severe intellectual disability when compared with children conceived with conventional IVF. Hormonal stimulation may independently contribute to poor cognitive development, with evidence from one high-quality study of an increased risk of psychological development disorders in children conceived by OI without ART, although this was not consistent across all high-quality studies.
The principal methodological concern among existing studies is selection bias due to the exclusion of children at increased risk of poorer cognitive development, based on prematurity, low birth weight, multiple birth or overt neurological disability. This is inappropriate as there is mounting evidence that specific treatments contribute to preterm birth and low birth weight, independent of parental characteristics (Pinborg et al., 2013b) . Thus, these complications may be on the causal pathway linking assisted conception to poor cognition, and should not be dismissed as confounders.
Existing studies report an estimated prevalence of preterm birth in ART singletons ranging from 6 to 24% and 35-60% in twins (Pinborg et al., 2013b; Helmerhorst et al., 2004) , therefore, exclusion of this group represents a substantial proportion of the treated population. To explore the impact of these perinatal characteristics on longer term outcomes among children conceived with assisted conception, results could be stratified by gestational age and multiple birth, or authors could present a series of statistical models unadjusted and adjusted for these factors. Few studies did so. Thus, the vast majority of studies are not based on the complete group of children conceived with medical assistance. This limits not only knowledge of outcomes and potential underlying mechanisms, but also hinders planning for any additional health and social supports that these children may need. In recent years, several population-based registry studies have been published (Stromberg et al., 2002; Bay et al., 2013b; Sandin et al., 2013) which overcome selection bias arising from exclusion of certain groups and use of data from specific clinics. In addition, they have greater statistical power to detect small but clinically relevant differences, which are unlikely to be detected in smaller studies. However, while these large studies have substantially advanced the evidence base, the outcomes assessed in each study reflect severe cognitive impairment such as mental retardation or conditions requiring hospital admission. There remains a lack of population-based studies with the ability to assess more subtle differences in cognitive development, such as the shift in distribution of IQ to the left among children conceived with ICSI observed by Knoester et al. (2008) .
We believe that there are several important gaps in the evidence on the long-term impact of specific fertility treatments. Foremost, the conflicting findings among high-quality studies comparing children conceived with ICSI and IVF requires clarification, given the increasing use of ICSI for reasons other than paternal infertility (Ishihara et al., 2015) , in the absence of a clear benefit for birth outcomes over conventional IVF (Boulet et al., 2015) . Among the three high-quality studies, we identified that presented this comparison, two reported poorer cognitive ability among children conceived with ICSI, spanning subtle differences in IQ (3 points) to an increased risk of mental retardation. In the latter study, the absolute difference in risk between ICSI and IVF procedures was small, comprising of 32 per 100 000 person-years. Nevertheless, such a finding warrants further investigation, given the severity of this outcome.
The widespread use of ICSI for non-male-factor infertility now permits examination of different modes of conception among couples with similar parental health profiles, overcoming potential confounding by indication for ICSI, which has been difficult to achieve in historical ART cohorts. Contemporary data on the influence of infertility aetiology is available from one study of couples receiving IVF or ICSI (Bay et al., 2013b) . That study (rated high quality), found no independent association between type of infertility (tubal, ovulatory, male or mixed) and mental retardation, however, there was a small, non-significant increase in risk of psychological development disorders among children of women with ovulatory problems.
Some studies have attempted to distinguish the influence of parental characteristics from treatment-related factors by including a comparison group of children conceived without medical assistance to parents with subfertility. We identified eight studies that used this comparison group, however, all specifically excluded children at high risk of adverse developmental outcomes. A further study (Sandin et al., 2013) adjusted for the length of involuntary infertility, a measure of severity of disease but not aetiology. In addition, two studies (rated moderate quality) (Carson et al., 2011; Bay et al., 2014 ) compared conceptions to subfertile women to spontaneous conceptions, both reporting no difference in cognitive outcomes. This suggests that the effects of subfertility, at least on this outcome, may have been overstated. Additional studies are required to clarify the specific influence of parental factors, either through detailed characterization of parental health profiles and appropriate adjustment, or inclusion of a large, accurately classified group of children conceived without medical assistance among subfertile couples.
Examining the influence of specific fertility treatments also requires consideration of the various clinical and laboratory processes involved in treatment strategies. Beyond the mode of conception, there was scant evidence about specific treatment components. Studies of longterm developmental outcomes among children exposed to gamete and embryo freezing techniques are particularly lacking. This warrants urgent attention given the recent calls for reproductive technology clinics to adopt a 'freeze-all' policy (Roque, 2015) . Additional studies of less invasive techniques are also required to verify the excess of mental disorders observed in children conceived with hormonal stimulation alone by Bay et al. (2013b) .
Only one study (Sandin et al., 2013) examined outcomes according to the day of embryo transfer, which may be important for development as extended time in culture could increase the likelihood of epigenetic changes (Maheshwari et al., 2016) . We found no studies examining the influence of culture media, which could plausibly alter cognitive development through epigenetic processes and effects on birth weight (Zandstra et al., 2015) . Further studies that utilize contemporary data are therefore critical to determine the impact of recent innovations in clinical practice. Of note, we found only three studies (Sandin et al., 2013; Winter et al., 2014; Schendelaar et al., 2016) that included births from 2005 onwards. More recent data will also assist with understanding whether improvements in perinatal outcomes over time observed among ART births (Henningsen et al., 2015) have led to improved cognitive outcomes.
There are few studies of adolescents and young adults conceived with medical assistance. This is not confined to the outcome of cognitive development (Wilson et al., 2011) . This age group is particularly important because impairments in complex cognitive functioning may only emerge as children reach this period of development and, conversely, deficits detected early may not predict later performance (Bracken and Walker, 2007) .
The strengths of this review include the systematic process of searching across a range of health and educational databases, and the use of two authors to independently review retrieved studies, make decisions about inclusion, abstract data and assess study quality, thereby maximizing objectivity in coding. However, there may be several limitations. Despite our comprehensive search strategy, it is possible that relevant studies may have been missed. Further, due to heterogeneity in the way outcomes were assessed, we could not undertake a meta-analysis or formally assess the potential for publication bias.
Conclusion
The available high-quality evidence suggests that there may be detrimental effects of certain ART treatment modalities, especially ICSI, on cognitive development. Some reported differences are small, however, and could be subject to a degree of bias and confounding. Future research is needed that uses contemporary data to examine specific aspects of the techniques including embryo freezing and the combination of techniques (e.g. ICSI with frozen cycles), with careful attention to study design, especially the potential for selection bias.
